The mode of action of two highly purified cellulases of exo-and endo-types from Irpex lacteus was investigated by using pure cellulosic substrates with different crystallinities derived from cellulose I. Exo-type cellulase saccharified all celluloses more effectively than endo-type enzyme, and the saccharification activities of both cellulases similarly increased with decreasing crystallinity of cellulose. The EF-lowering activity of exo-type cellulase remained similar for celluloses with higher crystallinity, while this cellulase showed a degradation mode resembling that of the endo-type enzyme for the substrates with lower crystallinity. Compared with exo-type cellulase, endo-type cellulase remarkably decreased the DP of cellulose with higher crystallinity, while this activity was abated for cellulose with lower crystallinity. Thus, the effects of both cellulases became similar in the degradation of amorphous substrates such as H 3 PO<-treated cellulose. Endo-type cellulase produced several kinds of cellooligosaccharide from all kinds of cellulose used, while the product of the exo-type enzyme was only cellobiose from crystalline cellulose such as cotton and cotton linter even after a 12-h incubation period. The results indicate that each cellulase shows a typical mode of action (exo or endo) for crystalline cellulose, but that their characteristic modes of attack may change with decreasing crystallinity of cellulose.
The hydrolysis of native cellulose by cellulase has been discussed from the viewpoint of synergistic action of three cellulase components, endo-type cellulase [1,4- 
.1.21] {1-3).
However, the details remain unclear (4), partly because most studies have used substrates such as Avicel (microcrystalline cellulose) and carboxymethyl cellulose (CMC); the former has an extremely low degree of polymerization, and the latter is a modified cellulose. Enzymatic hydrolysis of cellulose proceeds in a heterogeneous milieu, and consequently experiment should preferably employ native cellulose or at least a similar material as the substrate.
In the cellulase system of Irpex lacteus, two types of cellulase exist as main components (named Ex-1 and En-1), being clearly different in substrate specificity (5, 6) . Ex-1 and En-1 degrade cellulosic substrates in typical exo-and endo-fashion, respectively (5) (6) (7) (8) . We found, however, in a previous paper that Ex-1 hydrolyzed /?-D-glucans of mixed type, with /5-(l->3)-and y9-(l->4) linkages, in a random fashion as En-1 did, whereas Ex-1 showed a typical exowise hydrolysis of Avicel. Hence it was concluded at that time that the hydrolysis mode of cellulase depends on the stereochemical structure of cellulosic substrates (9) .
The mode of adsorption of cellulases on substrate has 1 Present address: lO-ban-4, Kouyama-3, Nerima-ku, Tokyo 176. Abbreviations: DP, average degree of polymerization of cellulose; ko, molecular activity of cellulase; CrI, relative crystallinity index of cellulose; k^, relative randomness of cellulase.
recently been investigated by several workers to obtain a better understanding of the mechanism of enzymatic cellulose hydrolysis (10) (11) (12) , and the crystallinity of cellulose was found to be one of the main physical parameters influencing the cellulolysis. We also made a similar study to elucidate the adsorption modes of the two cellulases using insoluble cellulosic substrates with different crystallinities derived from cellulose I, and found that both cellulases showed higher adsorption in parallel with increase in the crystallinity of cellulose, although thenmodes of adsorption were quite different (13) . Thus, we investigated the mode of action of cellulase components (Ex-1 and En-1) from /. lacteus on various cellulosic substrates with different crystallinities by comparing the randomness of hydrolysis. The results obtained are presented here.
EXPERIMENTAL PROCEDURES
Enzyme Source-The exo-type cellulase (Ex-1) and the endo-type cellulase (En-1) used in the present work were obtained in a highly purified state from Driselase, a commercial enzyme preparation from /. lacteus (Kyowa Hakko, Tokyo), through several steps of column chromatography as reported previously (5, 6) . The purified Ex-1 and En-1 each showed a single band on SDS-polyacrylamide gel electrophoresis. The molecular weights of Ex-1 and En-1 were estimated to be approximately 49,000 and 36,000, respectively, by SDS-polyacrylamide gel electrophoresis.
Substrates-Avicel, a microcrystalline cellulose powder (Art. 2331), was purchased from E. Merck (Darmstadt, Germany). Cotton and cotton linter provided by Daiwa Shizai (Tokyo) were extracted with chloroform for 9 h in a Soxhlet extractor. Phosphoric acid-swollen cotton and cotton linter were prepared by the method of Tanaka et al. (14) . These products were pulverized, and sieved to obtain particles in a specific size range (75-150 /mi) as substrates. The relative crystallinity index (CrI) of each cellulose preparation was estimated from X-ray diffractograms by the method of Wakelin et al. (15) . , and the enzyme (20/^M Ex-1 or En-1) in a total volume of 1 ml. It was incubated at 30'C with mechanical shaking (50 strokes/min) for an appropriate period, and then centrifuged. The reducing power produced in the supernatant was measured by the method of Somogyi (26) and Nelson (17) .
Thin Layer Chromatography-The reaction products released from the substrates were also identified by thin layer chromatography (TLC). After incubation of the reaction mixture, aliquots (40/^1) of the hydrolysis products formed from various substrates were spotted on plates. Thin layer chromatography was performed with silica-gel 60 (0.25 mm), E. Merck (Darmstadt, Germany), and the solvent system of chloroform-methanol-water (90 : 65 : 15, v/v). The resolved sugars were detected by heating the plate at 120"C for 10 min after spraying of 50% sulfuric acid.
Determination of the Degree of Polymerization of
Incubation time (h) Cellulose-The reaction mixture consisted of 2.0 wt% of various insoluble celluloses, 0.05 M sodium acetate buffer (pH 5.0), and the enzyme (20 /tM Ex-1 or En-1) in a total volume of 2 ml. After incubation at 30°C for an appropriate period, decrease in average degree of polymerization (DP) of the residual substrate was estimated as follows: residual cellulose collected on a glass filter was washed successively with distilled water, ethanol, and acetone, and dried in a vacuum desiccator over phosphorus pentoxide. The residual cellulose was dissolved in LiCl/iV,iV-dimethylacetamide solvent system which was prepared by the method of Turbak (18) . The viscosity of the cellulosic solution was measured at 30'C with an Ubbelohde-type viscometer. The SP value was calculated from the molecular weight obtained from the Brown-Henley equation (19) , which had been corrected for polydispersity on the basis of the SchultzZimm distribution equation;
(1) where TJ is the intrinsic viscosity and M v is the weightaverage molecular weight. Initial DP value of each substrate was estimated as follows: cotton, 6,510; cotton linter, 5,570; Avicel, 380; H 3 PO 4 -treated cotton, 3,560; HaPO, -treated cotton linter, 2000.
RESULTS

Dependence of Productivity of Reducing Sugar on Crystallinity of Insoluble
Cellulose-Time courses of saccharification activities of Ex-1 and En-1 for cellulose with different crystallinities were investigated under the standard conditions (at pH 5.0 and at 30"C). As shown in Figs. 1 and 2, both cellulases produced large amounts of reducing sugar from less crystalline celluloses such as phosphoric acid-swollen cotton and cotton linter, while Ex-1 produced larger amounts of reducing sugars than En-1 in the hydrolysis of more crystalline celluloses such as cotton and cotton linter. For the estimation of reducing power of each cellulase at the initial stage of hydrolysis, the molecular activity (ko) of each cellulase for individual celluloses used was calculated on the basis of the data in Figs. 1 and 2 as follows:
where RS is the concentration of reducing sugar as glucose formed after t min of incubation with the enzyme and Eo is the initial molar concentration of cellulase. Figure 3 shows the relationship between CrI values of cellulose and ko values of both cellulases. The saccharification activities of both cellulases conspicuously increased with decreasing crystallinity of cellulose. For example, ko values of Ex-1 and En-1 for swollen cotton linter (CrI=0) were about 16 times and 40 times those for cotton (Crl= 1), respectively. Furthermore, it was found that the k> value of Ex-1 was far greater than that of En-1 regardless of difference in the degree of crystallinity of cellulose used in this work. Hydrolysis Products from Insoluble Cellulose-The hydrolysis products formed from various insoluble celluloses with different crystallinities by Ex-1 or En-1 were examined. In this experiment, the hydrolysis products formed by each enzyme were identified by TLC at various incubation periods. The results are shown in Figs. 4 4 'Earlier stages: The reaction mixture was incubated for 3 to 12 h with crystalline celluloses (O/=l, 0.910, and 0.568), and for 0.25 to 1 h (Ex-1) and 0.5 to 3 h (En-1) with amorphous celluloses (O/ = 0.140 and 0). b Later stages: The reaction mixture was incubated for 24 to 48 h with crystalline celluloses, and for 3 to 6 h (Ex-1) and 6 to 12 h (En-1) with amorphous celluloses. G,: glucose, G 2 : cellobiose, G,: cellotriose, G 4 : cellotetraose. Hydrolysis products from each cellulose at earlier and later stages of incubation with Ex-1 or En-1 are summarized in Table I .
Degree of Randomness in the Hydrolysis of Cellulose with Different
Crystallinities-Decrease in UP of insoluble celluloses with the progress of enzymatic hydrolysis was investigated to estimate the randomness (ratio of decrease in DP to reducing sugar production) of cellulase action. The intrinsic viscosity {?]) of celluloses was estimated by extrapolation of the linear plots of C vs. TJSP/C and C vs. (In T}r)/C to obtain intercepts, where C is the concentration of residual cellulose (g/liter), and % P and rjr are the specific and the relative viscosities, respectively. On the basis of the 77 values, the corresponding DP values were calculated for each incubation time.
The relationship between decrease in DP and the production of reducing sugar during the degradation of celluloses by Ex-1 and En-1 is shown in Figs. 6 and 7 , respectively. DP values of cotton and cotton linter are markedly decreased by En-1 as compared with Ex-1. It is clear that En-1 has high reactivity for crystalline cellulose as compared with amorphous cellulose, as far as lowering the TJP is concerned, although En-1 shows low productivity of reducing sugar in the hydrolysis of crystalline cellulose (Fig. 2) . This fact suggests that En-1 shows a typical endo-wise hydrolysis of crystalline cellulose. Relative randomness (AR) of the two types of cellulase for each cellulose was estimated as follows: (
where UP 0 and 75P ( are the 2TF values of celluloses after 0 and t min of incubation, respectively. The AR values of both cellulases were plotted against CrI values of celluloses (Fig.  8) . The kft value of En-1 increases with increasing crystallinity of cellulose, whereas Ex-1 does not cause a remarkable decrease in the DP of cellulose with different crystallinities. The results clearly indicate that there is a remarkable difference between the randomness of the two different types of cellulase for crystalline celluloses, and this difference becomes smaller with decreasing crystallinity of cellulose.
DISCUSSION
It has been widely accepted that enzymatic cellulolysis of native cellulose occurs preferentially first at amorphous regions by a random attack of endo-type cellulase, resulting in exposure of crystalline regions to attack by exo-type cellulase (1, 2) . The mechanisms involved, however, have not been fully elucidated (4, 20) , because of the complexity of the modes of hydrolysis. The exo-type cellulase has been supposed to split off cellobiosyl residues one at a time from the nonreducing end mainly of crystalline cellulose such as Avicel, the cellulase thus being classified as l,4-/?-D-glucan cellobiohydrolase. This type of cellulase can not act readily on amorphous cellulose and soluble cellulose such as CMC.
Ex-1, which apparently behaves as a typical exo-type cellulase component towards both crystalline and amorphous celluloses, produces exclusively cellobiose at earlier stages of hydrolysis (Fig. 4) , and its saccharification activity increased with decreasing crystallinity of cellulose (Fig.  3) . However, Ex-1 hydrolyzed cellotetraose and cellohexaose to produce cellotriose and glucose besides cellobiose at later stages of hydrolysis (21) . This suggests that Ex-1 is not a strict l,4-/?-D-glucan cellobiohydrolase, and this assumption is supported by the fact that Ex-1 catalyzed glucosyl as well as cellobiosyl transfer reactions from cellotriose, cellopentaose, and p-nitrophenyl /?-D-cellobioside (22, 23) .
Although En-1 seemed not to be highly reactive towards crystalline cellulose in the measurement of reducing power, it showed a clearly higher reactivity for lowering the TJP of crystalline cellulose than Ex-1. In addition, this capacity of En-1 was greater than that for amorphous cellulose, and the latter was almost equal to that of Ex-1. These facts clearly suggest that the CrI dependence of UP-lowering activities of both cellulases was quite different from their CrI dependence of saccharification activities (Figs. 3 and 8) . Thus, the randomness of the two kinds of cellulase in the hydrolysis of cellulosic substrates changes depending on substrate crystallinity. This means that En-1 and Ex-1 seem to share substrate specificity. They seem to degrade native cellulose individually into smaller saccharides, contrary to the earlier concept of a stepwise degradation by endo-and exo-type cellulases.
Our previous work (13) showed that Ex-1 and En-1 have similarly high affinities for cellulosic substrate with different crystallinities and that their affinities increased with increasing crystallinity of cellulose and their adsorption processes became smoother. These facts seem consistent with the present results.
En-1 produced several kinds of cellooligosaccharides from all the cellulosic substrates used in the present study even at the initial stage of hydrolysis, showing a typical endo-type mode of action. In contrast, Ex-1 produced only ceDobiose from crystalline cellulose during prolonged incubation, apparently being a cellobiohydrolase, as generally reported. However, Ex-1 produced several kinds of cellooligosaccharide in addition to cellobiose from amorphous cellulose. On the basis of the properties of the two types of cellulase for cellulose with different crystallinities, it was found that the exo and endo modes of action were clearly shown only for crystalline cellulose, and the mode of action tended to become obscure with decreasing crystallinity of cellulose. Similarly, we have observed previously that there was no substantial difference in the mode of hydrolytic action between Ex-1 and En-1 for regenerated cellulosic substrates, such as mercerized cotton and viscose rayon (7, 8) . It may therefore be suggested that the mode of action of cellulases, whether they are of exo-or endo-type, is affected considerably by the crystallinity of cellulose used as the substrate.
Several workers have reported that the reactivity of exoand endo-type cellulases towards crystalline cellulose may be mainly dependent on the properties of their cellulosebinding or -adsorbing domains (24) (25) (26) . From the results of our present work, a similar assumption can be made for the modes of action of Ex-1 and En-1, which vary in randomness of hydrolysis depending on the crystallinity of their substrates.
